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Abstract: Titanium dioxide photocatalysts having anatase and rutile phases are a 
promising substrate for photodegradation of pollutants in water and air. However their 
photocatalytic activities show only under ultraviolet (UV) light. In order to utilize a 
wide range of incident light such as solar light, development of the photocatalysts 
whose activities show under visible light is one of the most important strategies. We 
and another researchers have reported chemically modified titanium dioxide 
photocatalysts in which S (S4+ or S2-) substitutes for some of the lattice titanium atoms.  
They show rather strong absorption for visible light and high activities for degradation 
of organic compounds under visible light irradiation.  The oxidation state of the S 
atoms incorporated into the TiO2 particles is determined to be mainly S4+ from X-ray 
photoelectron spectra (XPS). In addition, a new method to adsorb Fe3+ ions only onto 
the surface of S cation-doped TiO2 is proposed. The photocatalytic activities of Fe3+ 
ions adsorbed on S cation-doped TiO2 photocatalysts for oxidation of organic 
compounds are markedly improved compared to those of S-doped TiO2 without 
treatment of Fe3+ ions under a wide range of incident light wavelengths, including UV 
light and visible light. Furthermore, further improvement in their photocatalytic 
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activities of S cation-doped TiO2 photocatalysts with Fe3+ treated with NaBH4 was 
observed. After the treatment, the crystal structure of Fe3+ compounds on S 
cation-doped TiO2 was changed. We also discussed the photocatalytic activity of S 
cation-doped titania nanotube (TNT) site-selectively loaded with Fe3+ compounds under 
visible light.   
 
Key words: TiO2 photocatalyst, S anion dope, S cation dope, Visible-light responsive, 
Titania nanotube, Fe3+ compounds, S-cation-doped TiO2, S cation-doped TNT 
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1. INTRODUCTION 
   After the discovery of photoelectrochemical splitting of water on titanium dioxide 
(TiO2) electrodes [1], semiconductor-based photocatalysis has received much attention 
[2–15]. Most of these investigations have been carried out under ultraviolet (UV) light, 
because TiO2 photocatalyst shows relatively high activity and chemical stability under 
UV light, which exceed the band-gap energy of 3.0 or 3.2 eV in the rutile or anatase 
crystalline phase, respectively. The development of photocatalysts that show a high 
activity under visible light irradiation is needed in order to utilize sunlight or rays from 
artificial sources more effectively in photocatalytic reactions. For this purpose, doping 
of TiO2 with transition metals [16–19] and reduced forms of TiOx photocatalysts 
[20,21] have been investigated. Treatment of TiO2 powder with hydrogen peroxide [22] 
or chelating agents [23] allows some photocatalytic reactions to proceed under visible 
light. However, most of these catalysts do not show long-term stability. Asahi et al.. 
[24] reported that N anion-doped TiO2 shows red-shift of onset absorption wavelength 
comparing to pure TiO2. Recently, Umebayashi et al. have succeeded in synthesizing 
TiO2 doped with S anions [25–27]. Kahn et al. [28] reported that C anion-doped TiO2 
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was obtained as a result of a chemical modification of TiO2 by controlled combustion of 
titanium metal in a natural gas flame. These S, N, C anion-doped TiO2 photocatalysts 
show photocatalytic activity for degradation of organic compounds under visible light.  
These findings are supported by the results of theoretical calculations using 
full-potential linearized augmented plane wave formalism (F-LAPW method).  
However, the absorption spectra of these compounds in the visible region are relatively 
small. It should be also noted that the dopants such as N and C are incorporated into the 
lattice of TiO2 are not stable during photocatalytic reaction. Under these circumstances, 
we have developed and reported the synthesis of S-cation doped TiO2 [29–33] whose S 
atoms are incorporated as cations and are expected to be replaced by Ti ions. In addition, 
this new S cation-doped TiO2 powder absorbs visible light more strongly than N, C and 
the S anion-doped TiO2 powders and shows higher photocatalytic activity for 
degradation of organic compounds under visible light. The photocatalytic activities of S 
cation-doped TiO2 photocatalysts loaded with Fe3+ compounds for oxidation of organic 
compounds are markedly improved compared to those of S-doped TiO2 without 
treatment of Fe3+ ions under a wide range of incident light wavelengths [34]. Further 
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activity improvement of Fe3+ compounds loaded S cation-doped TiO2 photocatalysts 
treated with NaBH4 was observed. We also discussed the photocatalytic activity of S 
cation doped titania nanotube (TNT) adsorbed with Fe3+ under visible light [35]. 
 
2.  PREPARATION AND ANALYSES OF S ANION-DOPED TIO2 
   Umebayashi et al. reported that S anion-doped TiO2 was obtained by the oxidation 
of titanium disulfide (TiS2) and then discussed the doping effect on the optical-response 
properties. This study shows that the S anion doping into the lattice of TiO2 contributes 
to the band gap narrowing.   
 
   They observed X-ray diffraction (XRD) patterns of the annealed TiS2 samples 
which is suggested that a single phase of anatase TiO2 appeared in the patterns of the 
sample annealed at 600 °C. The XPS spectra in the area of S 2p state of the sample 
annealed at 600 °C show two peaks at around 168 eV and 160 eV for the annealed 
sample. According to Ohinishi et al. [36] and Sayago et al., [37] for the adsorbed sulfur 
dioxide (SO2) molecules on a TiO2 surface, the typical peak of the S 2p state lay 
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between 166–170 eV. Thus, the peak at around 168 eV can be ascribed to surface S 
atoms adsorbed as SO2 molecules. Hebenstreit et al. [38,39] also reported that S 2p peak 
appeared at 162 eV when S atoms replaced O atoms in the lattice of the TiO2. These 
previous studies undoubtedly indicate that the lower-energy signal is associated with S 
forming Ti−S bonds in TiO2. Compared to pure anatase phase of TiO2, the absorption 
edge of the sample annealed at 600 °C was shifted from 390 nm to 415 nm.   
 
   Combining the above XRD, XPS, and diffuse reflectance spectra (DRS) results, 
they concluded that that S was incorporated into the O site of the TiO2 lattice by the 
oxidative annealing of TiS2. Importantly, the band gap narrowing was successfully 
achieved by S doping into the lattice of TiO2. 
 
   In order to investigate the S-doping effect on the electronic and optical properties of 
TiO2, they analyzed band structure of the S anion-doped TiO2 by ab initio band 
calculations based on the density functional theory [40] using the full potential 
linearized augmented plane wave method [41]. When S anion was replaced the O in the 
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lattice of TiO2, the S 3p states are somewhat delocalized, thus greatly contributing to the 
formation of the valence band (VB) with the O2p and Ti 3d states. Consequently, the 
mixing of the S 3p states with VB increases the width of the VB itself resulting in 
obtaining the band gap narrowing.   
 
   However, an ionic radius of S2- anion is 1.84 Å while the ionic radii of O2- is 1.40 Å.  
These discrepancies of ionic radii result in the unstability of S anion-doped TiO2 
because S2- anion is much larger than O2-. Furthermore, when further calcination of S 
anion-doped TiO2 under aerated condition, S2- anions in the lattice of TiO2 is easily 
oxidized resulting in release to generate SO42-. Consequently, increase of absorption in 
visible area of S anion-doped TiO2 is not enough for exhibiting high photocatalytic 
activity for degradation of organic compounds in gas or liquid phase. In order to 
overcome these problem, we developed S cation-doped TiO2.   
 
3.  PREPARATION AND ANALYSES OF S CATION-DOPED TIO2 
3.1. Preparation of S Cation-doped TiO2 Powders 
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   For the synthesis of the S cation-doped TiO2 powder, amorphous TiO2 or pure 
anatase TiO2 fine particles was physically mixed with thiourea. The mixed white 
powder was calcined at various temperatures under aerated conditions, and yellow 
powder (S cation-doped TiO2) was obtained.   
 
3.2. Physical Properties of S Cation-doped TiO2 Powders 
   The density of the yellow color depends on the calcination temperature. Some 
examples of diffuse reflectance spectra of these powders, together with those of an 
anatase powder, are shown in Fig. (1). Photoabsorption in the visible region was 
 
Fig. (1).  Diffuse reflectance spectra of S cation-doped TiO2 and pure TiO2 
(Anatase phase). 
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strongest when the powder was calcined at about 500 ◦C. The photoabosorption in the 
visible region was stronger than that of N- and C-doped TiO2 powders [24,28]. With 
increase in the calcination temperature above 500 ◦C, the absorption in the visible 
region gradually decreased, and the absorption decreased drastically at calcination 
temperatures above 700 ◦C. All of the calcined samples were identified pure an anatase 
phase by XRD analyses.   
 
3.3. Identification of Chemical States of S Atoms in the Lattice of TiO2  
   The chemical states of S atoms incorporated into the lattice of TiO2 were analyzed 
by measuring the XPS spectra of the S cation-doped TiO2. When the mixture of TiO2 
powder and thiourea was calcined under aerated conditions at a temperature above 400 
◦C, a broad peak assigned to S4+ (S 2p) [37, 42−43] at around 168 eV was observed in 
XPS spectra of the resulting power as shown in Fig. (2). It should be emphasized that 
the weak peak attributable to S4+ ion remains after complete washing by deionized 
water and NH3 aqueous solution in order to removed SO42- anions adsorbed on S 
cation-doped TiO2, which was generated during calcination. The peak was also 
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observed after Ar+ ion etching of the sample. The atomic content of S atoms on surfaces 
of the S cation-doped particles is about 1.6% after the washing treatment. With an 
increase in the depth from the surface of TiO2, the concentration of S4+ decreased 
gradually to about 0.5% in the bulk. These results indicate that S atoms are incorporated 
into the bulk phase of TiO2. It should be noted that no peak attributed to S, C or N anion 
was observed in the sample of the S cation-doped TiO2 powder. 
 
 
Fig. (2).  XPS spectra of S cation-doped TiO2 powder: (A) as obtained, (B) after 
calcination at 500 ◦C followed by washing with distilled water for 1 h. 
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3.4. Electronic Structures of S Cation-doped TiO2 
   In order to determine the effects of doping on the electronic and optical properties of 
TiO2, we analyzed the band structures of S cation-doped TiO2 by first-principle band 
calculations using the super-cell approach. Based on the experimental results, the super 
cell model, in which one S atom is replaced by one Ti atom, contains eight formula 
units. The density of states (DOS) of undoped TiO2 and that of S cation-doped TiO2 are 
shown in Fig. (3). In the undoped TiO2 crystal, the valence band (VB) and conduction 
band (CB) consist of both Ti3d and O 2p orbitals. Since the Ti 3d orbital is split into 
two parts, t2g and eg states, the CB is divided into lower and upperparts. When TiO2 is 
doped with S, an electron-occupied level appears above (I) and below (II) the VB. It 
 
Fig. (3).  Total DOS of S cation-doped TiO2. 
 13 
was also noted that the S 3p states contribute to the formation of a CB with O 2p and Ti 
3d states. The electron occupied level (I) above the VB, which consists of S 3s states, 
should play a significant role in the photoresponse of TiO2 in visible region. Electron 
transition between this level and the VB would be induced by visible light irradiation.  
This process can explain the observations of visible-light absorption in S cation-doped 
TiO2. 
3.5. Photocatalytic Activities of TiO2 Powders for Decomposition of 2-propanol 
   We also evaluated the photodecomposition of 2-propanolon the photoirradiation of 
pure TiO2 (Degussa, P-25) and S cation-doped TiO2 powders. Fig. (4) shows the 
 
Fig. (4).  Photocatalytic decomposition of 2-propanol over S cation-doped TiO2 
and pure TiO2 (P-25) as a function of the cutoff wavelength. 
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decomposition rate of 2-propanol as a function of the cutoff wavelengths of the glass 
filters under Xe light. The pure TiO2 powder had similar photocatalytic activity for 
degradation of 2-propanol to that of S cation-doped TiO2 powders under UV light, but S 
cation-doped TiO2 powder showed a much higher level of activity than that of pure TiO2 
powder under photoirradiation at wavelengths longer than 420 nm. 
 
4. HIGH ACTIVATION OF S CATION-DOPED TIO2 BY ADSORBING Fe3+ 
CATIONS 
4.1. Preparation of S Cation-doped TiO2 Powder Adsorbed with Fe3+ Ions and 
Reduction and Air Oxidation Treatments of S Cation-doped TiO2 Powders 
Adsorbed with Fe3+ Ions 
   S cation doped TiO2 as a starting material was prepared by previously reported 
method [29−35]. An appropriate amount of FeCl3 was dissolved in deionized water.  
The S cation-doped TiO2 powder was suspended in an FeCl3 aqueous solution, and the 
solution was stirred vigorously for 2 h. After filtration of the suspended solution, the 
amount of Fe3+ ions that remained in the solution was determined by ICP emission 
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spectrochmical analyses to estimate the amount of Fe ions adsorbed on the surface of S 
cation-doped TiO2 powder. The residue was washed with deionized water and dried 
under reduced pressure at 60 °C for 12 h. 
 
   S cation-doped TiO2 powder adsorbed with Fe3+ ions was suspended in deionized 
water. NaBH4 whose amount is 10 times its mol of Fe3+ ions was added to the solution.  
The solution was stirred for 2 h under aerated conditions. After filtration, the residue 
was washed with deionized water several times until pH of the filtrate was neutralized.  
The powders were dried under reduced pressure at 60 °C for 12 h. 
 
4.2. Absorption Spectra of S Cation-doped TiO2 Adsorbed with Fe3+ Ions 
   Fig. (5) shows absorption spectra of S cation-doped TiO2 with Fe3+ ions.  
Absorbance of S cation-doped TiO2 with adsorbed Fe3+ ions in the visible light region 
changed with change in the amount of Fe3+ ions as shown in Fig. (5). After treatment 
with NaBH4, absorbance of S cation-doped TiO2 with Fe3+ ions in the visible light 
region increased slightly as shown in Fig. (6).   
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Fig. (5).  Diffuse reflectance spectra of S cation-doped TiO2 with or without 
loading of Fe3+ compounds nanoparticles and pure TiO2 (Anatase). 
 
Fig. (6).  Diffuse reflectance spectra of S cation-doped TiO2 adsorbed with Fe3+ 
compounds after reduction by NaBH4 followed by air oxidation and pure TiO2 
(Anatase). 
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   Fig. (7) shows XRD spectra of S cation-doped TiO2 adsorbed with Fe3+ ions before 
and after redox treatment (reduction by NaBH4 and oxidation by air). A small peak at 
35.88 degree, which was assigned to γ-Fe2O3, was observed in the case of S 
cation-doped TiO2 before the redox-treatment. After the redox-treatment, a peak 
assigned to γ-FeO(OH) (18.38 degree) appeared, while the phase of γ-Fe2O3 completely 
 
Fig. (7).  XRD spectra of S cation-doped TiO2 loaded with Fe3+ compounds before 
and after reduction by NaBH4 followed by air oxidation. 
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disappeared as shown in Fig. (7) [44–46]. As discussed in a later, the photocatalytic 
activities of S cation-dopedTiO2 adsorbed with Fe3+ ions are related to the crystal 
structure of Fe compounds on the S cation-doped TiO2. That is, the crystal structure of 
Fe compounds on the surfaces of S cation-doped TiO2 particles is an important factor 
for determining the enhancement of photocatalytic activity of S cation-doped TiO2 
adsorbed with Fe3+ ions. 
 
4.3. Oxidation States of Fe Ions During Photoirradiation under Anaerobic or 
Aerobic Conditions 
   Electron spin resonance (ESR) spectra of Fe3+ ions adsorbed on the surfaces of the S 
cation-doped TiO2 particles were obtained under reduced pressure and an aerated 
condition at 77 K. A 250-W high-pressure mercury lamp was used as an irradiation light 
source. The oxidation condition of Fe3+ ions on the S cation-doped TiO2 was followed 
during photoirradiation under reduced pressure. After photoirradiation, the powder was 
exposed to air and analyzed by ESR spectroscopy again. ESR observations of the 
powders that had been subjected to photoirradiation were also performed under aerated 
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conditions.  
 
   Fig. (8) shows ESR spectra of S cation-doped TiO2 adsorbed with Fe3+ ions under 
reduced pressure. A broad peak at 4.4 assigned to Fe3+ species was observed. Under the 
condition of photoirradiation using a high-pressure mercury lamp for 5 min, the peak 
assigned to Fe3+ was reduced by half as shown in Fig. (8). The peak disappeared 
completely under the condition of photoirradiation for more than 20 min. These results 
suggested that Fe3+ ions were efficiently reduced to generate Fe2+ ions that are not 
detected by ESR measurement, by trapping electrons generated in S cation-doped TiO2 
 
Fig. (8).  ESR spectra of S cation-doped TiO2 loaded with Fe3+ compounds before 
and after photoirradiation followed by exposed to air. 
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during photoirradiation. When air was introduced into the sample tube containing the S 
cation-doped TiO2 with Fe2+ ions, the peak assigned to Fe3+ ions was recovered after 5 
min because Fe2+ ions were efficiently oxidized to generate Fe3+ ions as a result of the 
reaction between oxygen and Fe2+ ions (Fig. (8)). In addition, the peak assigned to Fe3+ 
ions was not changed during photoirradiation under an aerated condition. This result 
suggested that the rate of generation of Fe2+ ions during photoirradiation is much slower 
than that of oxidation of Fe2+ ions by oxygen. These results suggested that charge 
separation between electrons and holes generated photocatalytically is improved 
because photoexcited electrons were efficiently trapped by oxygen through Fe3+ ions 
adsorbed on the surface of the S cation-doped TiO2 photocatalysts. We have reported the 
photoelctrochemical properties of aTiO2 single crystal electrode in H2SO4 containing 
2-propanol in the presence of Fe3+ ions [47–49]. The results of these studies ruled out 
the possibility that re-oxidation of Fe2+ ions by photogenerated holes at the TiO2 
electrode since water is effectively oxidized on photoirradiated TiO2 in a solution 
containing both Fe2+ and Fe3+ ions. We proposed the reaction mechanism of 
photocatalytic oxidation of water using TiO2 and Fe3+ ions for oxidation of 2-propanol 
 21 
in the paper. The results of our previous studies are consistent with the results reported 
in this paper. Changes in ESR spectra of S cation-doped TiO2 adsorbed with Fe3+ ions 
treated with NaBH4 and air oxidation were similar to those of S cation-doped TiO2 
adsorbed with Fe3+ ions without treatment. 
 
4.4. Photocatalytic Oxidation of 2-propanol using S Cation-doped TiO2 Adsorbed 
with Fe3+ Ions 
4.4.1. Photocatalytic Activities of S Cation-doped TiO2 Adsorbed with Fe3+ Ions 
   Fig. (9) shows the results of photocatalytic activities of Fe3+ ions adsorbed S 
cation-doped TiO2 photocatalysts for oxidation of 2-propanol. The dependence of 
changes in photocatalytic activities of S cation-doped TiO2 powders with change in the 
amount of Fe3+ ions. The photocatalytic activity of S cation-doped TiO2 with Fe3+ ions 
(0.90 wt.%) showed a maximum. The quantum efficiency for oxidation of 2-propanol 
using S cation-doped TiO2 with Fe3+ cations (0.90 wt.%) was estimated to be 2.1%.  
Fig. (10) shows the rate of decomposition of 2-propanol as a function of the cutoff 
wavelengths over S cation-doped TiO2 with and without Fe3+ ions as a catalyst.  
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Although discrepancies between absorption spectra of S cation-doped TiO2 with Fe3+ 
and those of S cation-doped TiO2 without Fe3+ is not so large, the photocatalytic activity 
of S cation-doped TiO2 with Fe3+ were about 2.5-times higher than those of S 
cation-doped TiO2 without Fe3+ under a wide range of irradiation wavelengths. These 
results suggest that the improvement in photocatalytic activities of S cation-doped TiO2 
adsorbed with Fe3+ ions under a wide range of irradiation light originates from electron 
 
Fig. (9).  Photocatalytic activities of S cation-doped TiO2 loaded with Fe3+ 
compounds as well as pure TiO2 (Anatase) for oxidation of 2-propanol under 
photoirradiation at wavelengths longer than 350 nm. 
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trapping by Fe3+ compounds on S cation-doped TiO2 particles that results in efficient 
charge separation between photoexcited electrons and holes. 
 
4.4.2. Photocatalytic Activities of S Cation-doped TiO2 Photocatalysts Adsorbed with 
Fe3+ Ions that were Treated with NaBH4 and Air Oxidation (Redox Treatment) 
   The photocatalytic activities of S cation-doped TiO2 adsorbed with Fe3+ ions that 
was treated with NaBH4 and air oxidation for oxidation of 2-propanol were estimated.  
The photocatalytic activity of the photocatalysts were higher than those of Fe3+ ions 
 
Fig. (10).  Photocatalytic activities of S cation-doped TiO2 powders loaded with 
and without Fe3+ compounds for oxidation of 2-propanol as a function of cutoff 
wavelength of incident light.  The amount of Fe3+ compounds is 0.90 wt%. 
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adsorbed S cation-doped TiO2 photocatalysts without NaBH4 treatment as shown in Fig. 
(11). The optimum amount of Fe3+ (2.81 wt.%) on S cation-doped TiO2 adsorbed with 
Fe3+ ions treated with NaBH4 and air oxidation for oxidation of 2-propanol was larger 
than that of S cation-doped TiO2 with Fe3+ ions (0.90 wt.%) without NaBH4 treatment.  
The maximum quantum efficiency of S cation-doped TiO2 adsorbed with Fe3+ ions 
(2.81 wt.%) after treatment with NaBH4 was estimated to be 3.0%. As described in 
Section 3.3, the crystal structure of Fe compounds on S cation-doped TiO2 changed 
 
Fig. (11).  Photocatalytic activities of S cation-doped TiO2 loaded with Fe3+ 
compounds treated with NaBH4 as well as pure TiO2 (Anatase) for oxidation of 
2-propanol under photoirradiation at wavelengths longer than 350 nm. 
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from γ-Fe2O3 to γ-FeO(OH) after the treatment with NaBH4 and air oxidation.  
Although the main factor responsible for improving photocatalytic activity of S 
cation-doped TiO2 adsorbed with Fe3+ ions after the treatment with NaBH4 and air 
oxidation is not clear yet, the change in crystal structure of Fe3+ compounds on S 
cation-doped TiO2 photocatalysts is thought to be an one of important factor for 
improvement of photocatalytic activity for oxidation of 2-propanol by the S 
cation-doped TiO2 with Fe3+ ions. 
 
5.  S CATION-DOPED TITANIA NANOTUBE (TNT) SITE-SELECTIVELY 
LOADED WITH Fe3+ COMPOUNDS 
5.1. Preparation of S Cation-doped TNT and Loading of Fe3+ Compounds on S 
Cation-doped TNT 
   S cation-doped TNT was synthesized by previously reported methods except 
calcination temperature [29–34]. When calcination temperature for doping S cations 
into TNT was higher than 350 °C, the TNT structure was completely destroyed [35]. 
Therefore, calcination temperature for doping was maintained to 350 °C. In order to 
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improve the photocatalytic activity of S-doped TNT, Fe3+ compounds was loaded on the 
inside surface and/or outside surface of S cation-doped TNT. The procedure for 
preparing S cation-doped TNT loaded with Fe3+ compounds is according to previous 
papers [35, 51]. The sample loaded with Fe3+ compounds on the inside and outside 
surfaces of S cation-doped TNT is abbreviated as Fe-STNT-i/o.   
 
   Fe3+ compounds were loaded on the inside or outside surface of S cation-doped 
TNT as follows. First, S cation-doped TNT loaded with Fe3+ compound on the inside 
surface of the nanotube was prepared as follows. Fe3+ compounds were adsorbed on the 
inside and outside surfaces of TNT by Fe3+ aqueous solution impregnation as described 
previously [35, 50]. Then in order to remove Fe3+ compounds on the outside surface of 
TNT, Fe3+ compounds-loaded TNT was washed with HCl aqueous solution. After 
washing with HCl aqueous solution, the TNT was washed with deionized water several 
times and dried under reduced pressure at 60 °C for 3 h. The sample loaded with Fe3+ 
compounds on the inside surface of S-doped TNT is abbreviated as Fe-STNT-i.   
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   Loading of Fe3+ compounds on the outside surface of TNT was performed as 
follows. TNT powder was spread evenly on the bottom of a glass dish and sprayed with 
Fe3+ ion aqueous solution and then allowed to dry by itself. Then the TNT powder was 
stirred. This treatment was performed several times. The sample loaded with Fe3+ 
compounds on the outside surface of S-doped TNT is abbreviated as Fe-STNT-o. 
Amounts of Fe3+ compounds loaded on Fe-STNT-i/o, Fe-STNT-i and Fe-STNT-o were 
shown by ICP measurements to be 0.98 wt%, 0.18 wt% and 0.95 wt%, respectively. 
 
5.2. Characterization of S Cation-doped TNT 
 
Fig. (12).  Diffuse reflectance spectra of pure TNT, S cation-doped TNT and S 
cation-doped TNT loaded with Fe3+ compounds. 
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   Fig. (12) shows diffuse reflectance spectra of pure TNT, S cation-doped TNT and S 
cation-doped TNT loaded with Fe3+ compounds. Onset wavelengths of S cation-doped 
TNT shift to visible region (390–500 nm). S cations doped into the lattice of TNT bulk 
formed impurity levels above the valence band, resulting in a decrease in band gap 
energy [30]. After loading of Fe3+ compounds on S cation-doped TNT, the 
photoabsorption of S cation-doped TNT in the visible light region increased slightly 
because absorption of Fe3+ compound loaded on the surface of TNT appeared in visible 
region. Photoabsorption in the visible light region of Fe-STNT-i was slightly lower than 
that of Fe-STNT-i/o and Fe-STNT-o as shown in Fig. (12). We confirmed that S4+ 
cations were successfully incorporated into the lattice of TNT by XPS analyses under 
lower preparation temperature (350°C) comparing to S cation-doped TiO2 preparation 
(more than 450°C) [50]. XRD analyses of pure TNT and S cation-doped TNT were 
performed in order to analyze their crystal structure. Peaks assigned to titanate 
(H2Ti4O9•H2O) phase were observed at 2Θ = 24.38, 28.58 and 49.58 in the XRD pattern 
of pure TNT [51]. After doping of S cations under calcination at 350 °C, peaks assigned 
to anatase were observed at 2Θ = 25.38, 37.78, 48.38 and more. These results indicated 
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that the crystal phase was changed from titanate (H2Ti4O9•H2O) to anatase (TiO2) by 
thermal treatment at 350°C. Fig. (13) shows TEM images of pure TNT (Fig. (13-a)) and 
S cation-doped TNT (Fig. (13-b)). A nanotube structure was observed as shown in Fig. 
(13-a). The average inner diameter and average outer diameter of pure TNT were 5.0 
nm and 10.2 nm, respectively. S cation-doped TNT also shows the nanotube structure 
which was not destroyed during calcination at 350 °C as shown in Fig. (13-b). The 
 
Fig. (13).  TEM images of pure TNT without calcinations (a) and S cation-doped 
TNT with heat treatment at 350 °C (b). 
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average inner diameter and average outer diameter of S cation-doped TNT were 5.1 nm 
and 10.6 nm, respectively. After calcination, the inner diameter and outer diameter of 
nanotubes were not changed. 
 
5.3. Photoacoustic (PA) Spectra of S Cation-doped TNT Loaded with Fe3+ 
Compounds 
   In order to elucidate electron transfer, we performed photoacoustic (PA) analysis.  
PA intensity indicates that amount of Ti3+ ions generated by photoexcited electrons 
[52,53]. If the photoexcited electrons do not transfer to molecules such as O2 molecules 
adsorbed on the surface of TiO2, the electrons are trapped at Ti4+ sites to generate Ti3+ 
ions in the bulk of TiO2, whose absorption should appear at the wavelengths longer than 
500 nm. In the case of TNT loaded with Fe3+ compounds, a PA intensity is expected to 
decrease compared with that in the case of pure TNT because photoexcited electrons are 
efficiently trapped by Fe3+ compounds on TNT. Fig. (14-a) shows PA spectra of pure 
TNT, S cation-doped TNT and S cation-doped TNT loaded with Fe3+ compounds under 
photoirradiation of center wavelength at 365 nm. PA intensity of S cation-doped TNT 
was stronger than that of pure TNT. The amount of Ti3+ ions in the S cation-doped TNT 
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was larger than that of Ti3+ ions in the bulk pure TNT. These results indicated that the 
electron transfer from S cation-doped TNT to O2 molecules was slower than that from 
pure TNT to O2 molecules. PA intensities of S cation-doped TNT loaded with Fe3+ 
 
Fig. (14).  PA spectra of pure TNT, S cation-doped TNT and S cation-doped TNT 
loaded with Fe3+ compounds under incident light of center wavelength at 365 nm (a) 
and under incident light of center wavelength at 470 nm (b). 
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compounds decreased remarkably compared with that of S cation-doped TNT under UV 
light irradiation as shown in Fig. (14-a). The photoexcited electrons were efficiently 
trapped by Fe3+ compounds on the surface of S-doped TNT as shown in Fig. (15). The 
PA spectrum of Fe-STNT-i/o overlapped with that of Fe-STNT-i as shown in Fig. (14-a).  
The ability of electron trapping of Fe3+ compounds loaded on the inside surface of S 
cation-doped TNT was greater than that of Fe3+ compounds on the outside surface of S 
cation-doped TNT as shown in Fig. (15). Therefore, the PA intensity of Fe-STNT-o was 
higher than that of Fe-STNT-i and Fe-STNT-i/o. Fe-STNT-i efficiently absorbed UV 
light compared to Fe-STNT-o because UV light did not reach the surface of Fe-STNT-i 
due to coverage of Fe3+ compounds on the outer side of S-doped TNT.   
 
   Fig. (14-b) shows PA spectra of pure TNT, S cation-doped TNT and S cation-doped 
TNT loaded with Fe3+ compounds under incident light of center wavelength at 470 nm.  
The PA spectrum of pure TNT was flat during continuous photoirradiation because pure 
TNT was not photoexcited under visible light. The PA intensity of S cation-doped TNT 
increased during photoirradiation because S cation-doped TNT was photoexcited by 
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visible light. The PA intensity of Fe-STNT-o was higher than that of S cation-doped 
TNT without Fe3+ compounds as shown in Fig. (14-b). This result suggested that the 
photoexcited electrons generated in Fe3+ compounds loaded on the outside surface of 
TNT were injected into S cation-doped TNT and reduced Ti4+ to Ti3+ as shown in Fig. 
(15). On the other hand, PA intensity of Fe-STNT-i was lower than that of S 
cation-doped TNT as shown in Fig. (14-b). The photoexcited electrons in S 
cation-doped TNT under visible light irradiation transferred to Fe3+ compounds on the 
inside surface of S cation-doped TNT, resulting in a decrease in the amount of Ti3+ ions.  
Thus, the directions of the electron transfer of Fe-STNT-i and Fe-STNT-o are thought to 
be opposite as shown in Fig. (15). The PA intensity of Fe-STNT-i/o was lower than that 
 
Fig. (15).  Suggested reaction mechanism of migration of photoexcited electrons 
over S cation doped TNT loaded with Fe3+ compounds under UV and VIS light 
irradiation. 
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of the other samples. Fe3+ compounds loaded on the outside surface of S cation-doped 
TNT were photoexcited under visible light irradiation. The photoexcited electrons 
transferred to the conduction band of S cation-doped TNT, and then the photoexcited 
electrons were trapped by Fe3+ compounds loaded on the inside surface of S 
cation-doped TNT. The photoexcited electrons transferred smoothly to Fe3+ compounds 
loaded on the inside surface from Fe3+ compounds loaded on the outside surface as 
shown in Fig. (15). 
 
5.4. Photocatalytic Activities of TNT with Various Treatments for Acetaldehyde 
Oxidation 
   The photocatalytic activities of photocatalysts were evaluated by photocatalytic 
oxidation of acetaldehyde in gas phase. Fig. (16) shows the photocatalytic activities of 
pure TNT, S cation-doped TNT and S cation-doped TNT loaded with Fe3+ compounds 
for oxidation of acetaldehyde under incident light longer than 350 nm (Fig. (16-a)) and 
incident light longer than 420 nm (Fig. (8-b)). S cation-doped TNT showed a lower 
photocatalytic activity than did pure TNT under UV light irradiation as shown in Fig. 
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(16-a). Impurity levels formed by S cation doping treatment above the valence band 
acted as recombination centers. The photocatalytic activity of S cation-doped TNT 
 
Fig. (16).  Photocatalytic evolution of CO2 as a result of acetaldehyde oxidation 
over pure TNT, S cation-doped TNT and S cation-doped TNT loaded with Fe3+ 
compounds as a function of photoirradiation time under UV light at wavelengths 
longer than 350 nm (a) and under VIS light at wavelengths longer than 420 nm (b). 
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loaded with Fe3+ compounds was remarkably improved compared with that of S 
cation-doped TNT without Fe3+ compounds as shown in Fig. (16-a). PA measurement 
(Fig. (14-a)) showed that photoexcited electrons were trapped by Fe3+ compounds 
loaded on S cation-doped TNT and that the efficiency of charge separation was 
improved. However, the order of rates of CO2 evolution changed after 120 min of 
photoirradiation depending on the site of Fe3+ compounds deposition. From 0 min to 
120 min of photoirradiation, the photocatalytic activities of Fe-STNT-i/o Fe-STNT-o 
and Fe-STNT-i decreased in that order. The lowest level of photocatalytic activity for 
Fe-STNT-i was thought to be due to the slow rate of diffusion of oxygen molecules into 
nanotubes. Recombination between electrons and holes proceeded because electrons 
accumulated at Fe3+ compounds particles. In the case of Fe-STNT-i/o and Fe-STNT-o, 
the electrons trapped by Fe3+ compounds transferred smoothly to oxygen molecules 
because O2 molecules were supplied efficiently to outside surface loaded Fe3+ 
compounds particles. In addition, acetaldehyde is directly oxidized to CO2 with OH 
radicals generated by reaction of Fe2+ and H2O2 [31,54].  The rate of the direct 
oxidation of acetaldehyde to evolve CO2 is very fast [31]. Hydroxyl radical was 
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generated on the outside surface of S-doped TNT in the case of Fe-STNT-i/o and 
Fe-STNT-o. Therefore, acetaldehyde was easily oxidized with hydroxyl radical on 
Fe-STNT-i/o and F-STNT-o, resulting in an increase in photocatalytic activity compared 
with that of Fe-STNT-i. On the other hand, the order of photocatalytic activities was 
Fe-STNT-i > Fe-STNT-o > Fe-STNT-i/o from 120 min to 480 min of photoirradiation.  
Especially, the rate of CO2 evolved on Fe-STNT-i/o became slow after 120 min of 
photoirradiation as shown in Fig. (16-a). Two peaks assigned to acetic acid were 
observed at 1540 cm-1 and 1440 cm-1 by IR spectra analyses of Fe-STNT-i/o during 
oxidation of acetaldehyde at the 60 min and 120 min of reaction time [31]. This result 
suggested that oxidation of acetic acid generated by oxidation of acetaldehyde 
proceeded during photoirradiation from 120 min to 480 min. The oxidation of 
acetaldehyde consisted of two routes which are the direct oxidation of acetaldehyde to 
generate CO2 and evolution of CO2 via oxidation of acetic acid [31]. When acetic acid 
was generated on TiO2 loaded with Fe3+ compounds, the evolution of CO2 became slow 
because acetic acid was hardly oxidized compared to the direct oxidation of 
acetaldehyde, resulting in a decrease in rate of CO2 evolved [31]. PA spectra showed 
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that the efficiency of charge separation of Fe-STNT-i was highest among the samples 
loaded with Fe3+ compounds (Fig. (14-a)). Therefore, Fe-STNT-i showed the highest 
photocatalytic activity in photoirradiation longer than 120 min. In the case of 
Fe-STNT-i/o and Fe-STNT-o, Fe3+ compounds particles loaded on the outside surface 
were thought to act as recombination centers, resulting in a decrease in photocatalytic 
activities. Oxidation of acetic acid proceeded on the outside surface of S cation-doped 
TNT. Photoexcited electrons also transferred to the outside surface of S cation-doped 
TNT. Therefore, recombination between electrons and holes was thought to proceed.  
S cation-doped TNT showed photocatalytic activity under visible light irradiation longer 
than 420 nm, but pure TNT did not (Fig. (8-b)). The photocatalytic activity of S 
cation-doped TNT loaded with Fe3+ compounds was higher than that of S cation-doped 
TNT without Fe3+ compounds (Fig. (8-b)). Fe-STNT-o showed the highest level of 
photocatalytic activity. Fe3+ compounds loaded on the outside surface of S doped TNT 
under visible light irradiation. PA analysis showed that the photoexcited electrons in the 
bulk of Fe3+ compounds transferred to the conduction band of S cation-doped TNT 
under visible light irradiation (Fig. (16-b)). Acetaldehyde was oxidized by the holes 
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generated by photoexcitation of Fe3+ compounds. Hydroxyl radical generated by O2 
reduced by electrons in conduction band of S doped TNT also oxidized acetaldehyde 
[31,54]. On the other hand, the photocatalytic activity of Fe-STNT-i was similar to that 
of S cation-doped TNT. In the case of Fe-STNT-i, Fe3+ compounds were photoexcited 
by visible light which penetrated the wall of S cation-doped TNT. However, 
acetaldehyde was hardly oxidized Fe3+compounds (Fe4+) loaded on the inside surface of 
S-doped TNT because the diffusion rate of acetaldehyde into S cation-doped TNT was 
thought to be quite slow. Fe3+compounds loaded on the inside surface of S cation-doped 
TNT trapped the photoexcited electrons in the conduction band resulting in a slight 
increase in photocatalytic activity. However, Fe3+compounds did not work efficiently 
because few photoexcited electrons and holes were generated on S cation-doped TNT 
under visible light irradiation. The apparent quantum yields of Fe-STNT-i/o, Fe-STNT-i 
and Fe-STNT-o were 9.0, 5.7 and 4.9, respectively, under incident light at 385 nm.  
Under incident light at 420 nm, the apparent quantum yields of Fe-STNT-i/o, 
Fe-STNT-i and Fe-STNT-o were 1.8, 1.8 and 2.2, respectively. 
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6. CONCLUSION 
   We summarized the preparation, physical properties and photocatalytic activities of 
several kinds of S cation-doped TiO2 photocatalysts which were developed by our 
research groups. The S cation-doped TiO2 shows quite high activities for oxidation of 
organic compounds under visible light. In addition, one of S cation-doped TiO2 
photocatalyst has been already commercially available. We hope that these visible light 
high active photocatalysts will be applied to developed indoor goods for environmental 
clean up and disinfection under indoors light such as fluorescent light. 
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FIGURE CAPTIONS 
Fig. (1).  Diffuse reflectance spectra of S cation-doped TiO2 and pure TiO2 (Anatase 
phase).   
Fig. (2).  XPS spectra of S cation-doped TiO2 powder: (A) as obtained, (B) after 
calcination at 500 ◦C followed by washing with distilled water for 1 h. 
Fig. (3).  Total DOS of S cation-doped TiO2. 
Fig. (4).  Photocatalytic decomposition of 2-propanol over S cation-doped TiO2 and 
pure TiO2 (P-25) as a function of the cutoff wavelength. 
Fig. (5).  Diffuse reflectance spectra of S cation-doped TiO2 with or without loading of 
Fe3+ compounds nanoparticles and pure TiO2 (Anatase). 
Fig. (6).  Diffuse reflectance spectra of S cation-doped TiO2 adsorbed with Fe3+ 
compounds after reduction by NaBH4 followed by air oxidation and pure TiO2 
(Anatase).  
Fig. (7).  XRD spectra of S cation-doped TiO2 loaded with Fe3+ compounds before and 
after reduction by NaBH4 followed by air oxidation. 
 52 
Fig. (8).  ESR spectra of S cation-doped TiO2 loaded with Fe3+ compounds before and 
after photoirradiation followed by exposed to air.   
Fig. (9).  Photocatalytic activities of S cation-doped TiO2 loaded with Fe3+ compounds 
as well as pure TiO2 (Anatase) for oxidation of 2-propanol under photoirradiation at 
wavelengths longer than 350 nm. 
Fig. (10).  Photocatalytic activities of S cation-doped TiO2 powders loaded with and 
without Fe3+ compounds for oxidation of 2-propanol as a function of cutoff wavelength 
of incident light.  The amount of Fe3+ compounds is 0.90 wt%.   
Fig. (11).  Photocatalytic activities of S cation-doped TiO2 loaded with Fe3+ 
compounds treated with NaBH4 as well as pure TiO2 (Anatase) for oxidation of 
2-propanol under photoirradiation at wavelengths longer than 350 nm. 
Fig. (12).  Diffuse reflectance spectra of pure TNT, S cation-doped TNT and S 
cation-doped TNT loaded with Fe3+ compounds.   
Fig. (13).  TEM images of pure TNT without calcinations (a) and S cation-doped TNT 
with heat treatment at 350 °C (b).  
Fig. (14).  PA spectra of pure TNT, S cation-doped TNT and S cation-doped TNT 
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loaded with Fe3+ compounds under incident light of center wavelength at 365 nm (a) 
and under incident light of center wavelength at 470 nm (b). 
Fig. (15).  Suggested reaction mechanism of migration of photoexcited electrons over 
S cation doped TNT loaded with Fe3+ compounds under UV and VIS light irradiation. 
Fig. (16).  Photocatalytic evolution of CO2 as a result of acetaldehyde oxidation over 
pure TNT, S cation-doped TNT and S cation-doped TNT loaded with Fe3+ compounds 
as a function of photoirradiation time under UV light at wavelengths longer than 350 
nm (a) and under VIS light at wavelengths longer than 420 nm (b). 
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